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Abstract 

Extra "hidden" U(l) gauge factors are a generic feature of string theory that is of particular 
phcnomcnological interest. They can kinetically mix with the Standard Model photon and 
are thereby accessible to a wide variety of astrophysical and cosmological observations and 
laboratory experiments. In this paper we investigate the masses and the kinetic mixing of 
hidden U(l)s in LARGE volume compactifications of string theory. We find that in these 
scenarios the hidden photons can be naturally light and that their kinetic mixing with the 
ordinary electromagnetic photon can be of a size interesting for near future experiments and 
observations. 
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1 Introduction 

Hidden gauge factors, appearing in the low-energy effective field theory, seem to be a common 
feature of string theory after compactification to four space-time dimensions. The correspond- 
ing hidden gauge bosons are very weakly coupled to the visible sector particles because their 
mutual interactions are loop-suppressed. Of particular phenomenological interest are hidden 
U(l) factors, since hidden photons may remain very light and therefore may lead to observ- 
able effects in astrophysics, cosmology, or in the laboratory. Their interactions with the visible 
photon are encoded in a low-energy effective Lagrangian of the generic forrr0 



and mass mixing [2-4]. The latter, on account of the apparent masslessness of the photon, 
should be approximately of the form 



In fact, phenomenologically very interesting pairs of parameters are (see also Fig. [I]): 

1. (x,«v) ~ (10" 6 ,0.2 meV), the region labeled "Hidden CMB" in Fig. [TJ leading to a nat- 
ural explanation of the finding of some global cosmological analyses that present precision 
cosmological data on the cosmic microwave background and on the large scale structure of 
the universe appear to require some extra radiation energy density from invisible particles 
apart from the three known neutrino species [7]. Moreover, these values are accessible to 
ongoing laboratory experiments exploiting low energy photons [12,14,21,23,27,28] and 
allow for interesting technological applications of hidden photons [29] . 

2. (x, my) ~ (10~ 12 ,0.1 MeV), the region labeled "Lukewarm DM" in Fig. [TJ allowing the 
hidden photon to be a lukewarm dark matter candidate [30,31]. 

3. (x,m y ) ~ (10~ 4 ,GeV), the region labeled "Unified DM" in Fig. [H For these values, the 
hidden photon plays an important role in models where the dark matter resides in the 
hidden sector [32]. These models aim at a unified description of unexpected observations 
in astroparticle physics, notably the positron excess observed by the satellite experiment 
PAMELA [33] and the annual modulation signal seen by the direct dark matter search 
experiment DAMA [34]. The massive hidden U(l) can then mediate "Dark Forces". 
These values are also accessible to accelerator searches [35-38] and have been motivated 
in various super symmetric scenarios [36,39-42]. See also Ref. [43-48]. 

4. (x,my) ~ (KT n ,< 100 GeV), the region labeled "Hidden Photino DM" in Fig. □ For 
these values the super symmetric partner of the hidden photon, the hidden photino, is a 
promising dark matter candidate, if its mass is in the 10 to 150 GeV range [49]. 

1 In Eq. (|l.ip . we are neglecting explicit higher dimensional operators, such as F 4 and the like, which are 
suppressed by powers of the string scale. However, we discuss and include below effective kinetic mixings arising 
from inserting vacuum expectation values into suitable higher dimensional operators. 
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Figure 1: Current experimental limits on the possible existence of a hidden photon of mass 
my, mixing kinetically with the photon, with a mixing parameter \- Strong constraints arise 
from the non-observation of deviations from the Coulomb law (yellow) [5,6], from Cosmic 
Microwave Background (CMB) measurements of the effective number of neutrinos and the 
blackbody nature of the spectrum (black) [7,8], from light-shining-through- walls (LSW) exper- 
iments (grey) [9-18], and from searches of solar hidden photons with the CAST experiment 
(purple) [19,20]. The white region in parameter space is currently unexplored, but may be 
accessed by experiments in the very near future, in particular by improvements in LSW exper- 
iments (for proposed experiments probing this region, see Refs. [21-27]). The yellow regions 
indicate some especially interesting regions as described in the main text. 



5. (x, my) ~ (10 -23 ,0), in which case the hidden photino, with mass in the TeV range, 
may be a candidate of decaying dark matter, giving rise to the above mentioned excesses 
observed in galactic cosmic ray positrons and electrons [50,51]. A phenomenologically 
quite similar scenario is obtained when the hidden photon itself is massive, in the TeV 
range, and decays into Standard Model particles through kinetic mixing with a \](1)b-l 
gauge boson, with Xj',b~l ~ 0.01 and tub-l ~ 10 15 GeV [52,53]. 

6. (x, wiy) ~ (10 -3 , TeV). This is phenomenologically interesting because the hidden photon 
may be probed at colliders [4,54-57]. 

We see that a wide range of values for the kinetic mixing parameter and the mass of the 
hidden photon leads in fact to very interesting physics. Therefore, it seems timely to investigate 
which values are naturally obtained in realistic string compactifications. Intriguingly, in com- 
pactifications of type II strings, the possible values for kinetic mixing are indeed widespread, 
reflecting the diverse possibilities of sizes and fluxes in the compactified dimensions [58-60]. 
We thus concentrate our investigations in this paper to predictions from type II theories^], in 
particular to the ones with possibly large bulk volumes [66,67], which seem to be very successful 
phenomenologically [68] . 

The paper is set up as follows. In the following Sect. [2] we will briefly review the setup 
of LARGE volume scenarios and hyperweak gauge interactions. In Sect. [3] we will determine 

2 First calculations of kinetic mixing in toroidal compactifications of type 11 and type I strings have appeared 
in [58,61,62], respectively. For analyses of kinetic mixing in compactifications of the heterotic string, see [63-65]. 
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the expected kinetic mixing in these scenarios. Since we are interested in massive hidden U(l) 
gauge bosons we will discuss mechanisms to generate masses in Sects. 0] and EJ Finally, we 
collect and summarize our results in Sect. [6j 

2 LARGE volumes and hyperweak interactions 

LARGE volume theories are based upon type IIB strings with D3 and D7-branes^|, which give 
rise to "brane worlds" . In these theories, the visible sector lives on a stack of D-branes which 
are extended along the 3+1 non-compact dimensions and wrap small collapsed cycles in the 
compactification manifold (see Fig.[2|), while gravity propagates in the bulk, leading to a possibly 
smaller string scale at the expense of a larger compactification volume. In fact, the relation 
between the (reduced) Planck scale Mp = 2.4 x 10 18 GeV, the string scale M s , the string 
coupling g s and the total volume V = VqM® of the bullQ is given by 

47T 

Mp = ^VM 2 S . (2.1) 
9 s 

This equation can be read off from the IIB supergravity action in 10 dimensions, Eq. (jA.lh in 
Appendix^} It gives rise to a string scale of order the GUT scale, M s ~ 10 16 GeV, for V ~ 50, 
of order the intermediate scale, M s ~ 10 10 GeV, for V ~ 5 x 10 13 , and of order the TeV scale, 
for V ~ 5 x 10 27 . We will consider the full range of values of the string scale. We will not 
address issues such as the lightness of moduli for low string scales. Nevertheless, it is worth 
pointing out that there have been recent speculations claiming that even for TeV strings it is 
possible to avoid the moduli problems [70]. 



Hidden U(l)s arise in these scenarios from space-time filling D7-branes wrapping cycles in 
the extra dimensions which are not intersecting the visible sector branes (cf. Fig. [2(a) and 
(b)). Another possibility giving rise to hidden sector U(l)s are anti D3-branes (cf. Fig. 12(c)). 
More precisely, we can place our hidden U(l) on a D7 brane wrapping a LARGE cycle as in 



Fig. 2(a) . As we will see below, this corresponds to a situation where the hidden U(l) becomes 
hyperweakly coupled. We can also put an extra U(l) on collapsed cycles as in Fig. 2(b) or on 



anti D3 branes as in Fig. 2(c) In both these cases the gauge coupling will be 0(1). 

In fact, the gauge couplings in these scenarios can be read off from the Dirac-Born-Infeld 
(DBI) action (cf. the first term in Eq. (1A.3|) ). The gauge coupling of a U(l) gauge boson on 
a D(3 + g)-brane, wrapping a g-cycle of volume V q in the extra dimensions, turns out to be 
related to the volume V q = V q /l q s in string units by 

2 _ 2ng s 2irg s 2ng s 
9 ^ ~ \Z\ ~ V q M q s - V q ' 1 ' 

Here \Z\ is the absolute value of the central charge of the branes, equal to the right hand side in 
the large volume limit. Therefore, in scenarios where the volume V q is large, the corresponding 
gauge coupling is small, giving rise to hyperweak interactions [71]. In fact, from Eqs. (|2.ip and 
(12. 2 p we estimate 

2 2ng s /4^M S 2 V /6 , x 



3 In Appendix[S]we review the four-dimensional supergravity corresponding to these theories, its Kaluza-Klein 
reduction and the identification of moduli. 

4 In our conventions, the string scale is M a — l/l s = l/(2-K\fa!), in terms of the string tension a'. 
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Figure 2: Hidden U(l)s in LARGE volume scenarios realized in type IIB orientifold flux com- 
pactifications. A common feature of the geometry of the extra dimensions in these scenarios 
is that they have a minimum of four cycles: a large one to control the overall volume, a small 
one to allow for non-perturbative effects stabilising the large volume, and two small cycles, ex- 
changed by the orientifold, wrapped by the visible branes [68]. This leaves various possibilities 
for hidden U(l)s. In 2(a) the hidden U(l) gauge group is located on a LARGE cycle extending 
through the full LARGE volume. In 2(b) the hidden U(l) is located on a collapsed cycle. The 
black dashed line indicates the existence of a LARGE cycle. We do not necessarily have a brane 
wrapping around this cycle. Finally, in the last scenario 2(c) the hidden U(l) sits on an anti 
D3-brane which is often exploited for uplifting to a de Sitter vacuum [69]. 
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Figure 3: Gauge coupling gr q \ of a hidden U(l) as a function of the string scale M s , for different 
dimensions of the wrapping cycle of the brane hosting the hidden U(l): q = (blue) correspond- 
ing to an (anti) D3 brane (cf. Fig. 2(c) ) or a collapsed D7 brane (cf. Fig. |2(b)' ), and q = 4 (red) 
for a D7 brane (cf. Fig. 2(a) ). The string coupling has been set to g s = 0.1, such that <7( ) corre- 
sponds to the hypercharge gauge coupling at the string scale, ay(M s ) = <7y(M s )/(47r) rj 1/20. 



which can be tiny for < q < 6 and string scales much below the Planck scale, corresponding 
to large bulk volumes. This can be clearly seen by looking at the red curve in Fig. El where 
we show the estimate for the gauge coupling of a U(l) on a D7 brane. In contrast the gauge 
coupling on an (anti) D3 brane or a D7 brane on a collapsed cycle is unaffected by the volume 
suppression and therefore comparatively large, i.e. 0(1), as can be seen from the blue line in 
Fig. [3 



3 Kinetic mixing 



Prior to the breaking of supersymmetry, in the 4D effective theory the kinetic mixing appears 
as a holomorphic quantity in the gauge kinetic part of the supergravity Lagrangian, 



CD d 2 9 



1 



h\2 



w a w a + 



h\2 



W b W b - \x h ab W a W b 



(3.1) 



where W a , W b are the field strength superfields for the two U(l) gauge fields and Xa b > 9a>9 b are 
the holomorphic kinetic mixing parameter and gauge couplings that must run only at one loop. 
The well known expression for the holomorphic gauge running is 



1 



(9 h a) 2 (p) (9 h a ) 2 W 



E 



8vr 2 



logp/A, 



(3.2) 



Here, Q a (0 denotes the charge under group a carried by n r fields. The physical gauge couplings 
are given in terms of the holomorphic quantities by the Kaplunovsky-Louis formula [72, 73] 
(given here specialised to U(l) gauge groups): 



9 a 



Re 



Y, W det ZW - Y, * 2 K, 



16vr 2 



(3.3) 



where is the renormalised kinetic energy matrix of fields having charge Q a ( r ) (i-e. the 
renormalised Kahler metric i^s), K is the full Kahler potential and k 2 = 1/Mp. 
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We should expect that a similar formula should be obeyed for the kinetic mixing, too. 
Indeed, it can be shown that the relevant expression, exact to all orders in perturbation theory, 
is 

Xab 



9a9b 



MXab) + g^tr(Q Q 6 logz) + -L^J2n r QaQb{r)K 2 K, 



(3.4) 



r 

where Xab is now the parameter in the canonical Lagrangian density 



^canonical 3 /d 2 # { ^W a W a + ^W b W b - ^ X abW a W b \ . (3.5) 

This is easiest to understand using the techniques of [74]; it is a consequence of rescaling the 
vector superfields from the holomorphic basis (where the gauge kinetic terms are as above) to 
the canonical basis, V a — > g a V a - in fact, the analysis used there follows through exactly for 
the kinetic mixing (with the exception of the supergravity contribution proportional to the full 
Kahler potential). Apart from the applications in this paper, the above formula can be used 
to derive the running of couplings for several U(l) factors to specified orders in perturbation 
theory, such as in [75,76]. 

It is worth also noting that the same formalism also describes "magnetic mixing" [77,78]. 
Defining Im f ^,^ 2 ^ = and similarly for 6 b , there are terms in the Lagrangian density 

C — > ® a T? a Z7 a > t a/ _|_ ^ b pbfJ-u _ ®ab pa fpb \w fn c\ 

LD 16^2 ^ + 16n^^ Sir 2 ^ ' [6 ' b) 

where a tilde denotes the dual field strength, and 9 ab is the "magnetic-mixing" angle, 

Q 

lm(x a b) = (3.7) 

We then find a "physical" magnetic mixing in analogy to the above; the resulting canonical 
Lagrangian density is [79] 

C ~\ ® a ® a ~P a f^a^v , idb)_^b_ rpb fpb fjgi 9a9b@ab rpg fpb fj,v /o o\ 

^-canonical -J iQ n 2 r ^ r ^ lQ n 2 • V J -°J 

Since Xab run on ^y a ^ one 1°°Pj t ne same is true of 9 a ,9b,0 ab , with the "physical" quantities 
obtaining corrections only through the modification of the gauge coupling. 

So far we have considered the form of the gauge coupling in 4D supergravity. Further 
information can be obtained by dimensional reduction from the original 10 dimensions. In 
particular, moduli fields will now appear. Again, we will specialize to the case of a IIB setup. 

As reviewed in Appendix [Aj in LARGE volume type IIB models, the gauge groups are 
supported on D7 branes, which wrap four-cycles tj corresponding to the h 2 Kahler moduli T,, 
but may in addition support magnetic fluxes wrapping two-cycles ij. 

Xab depends upon the moduli, both closed and open. The closed string Kahler moduli 
T a transform under Peccei-Quinn symmetries (which lead to discrete shifts of their imaginary 
parts). Therefore, they can only enter as exponentials. However, they also depend upon the 
inverse string coupling [80, 81] (see equation ()A.14j) and the text below it) and consequently 
an exponential dependence would be non-perturbative. Thus they cannot enter at 1-loop. 
Accordingly, Xab is given by 

x h ab = xL~ l00 V,y*) + xr" perturbative (^^- Tj ^,), (3-9) 

where z k are the complex structure moduli, and y, are the open string moduli. The above is 
in analogy to the structure of gauge kinetic functions, see for example [82]. Generically, the 
z k enter the holomorphic kinetic mixing in polynomial or exponential form (for example in the 



7 



explicit example of toroidal models they enter via powers of exponentials [60]) and will typically 
be numbers of order one, although certain may be exponentially small at the end of a warped 
throat [83]. We thus conclude that generically 

Xab ~ 1^2" ( 3 - 10 ) 

Using the above expression (|3.4p to compute the canonical kinetic mixing and the fact that, for 
a hidden U(l) separated by distances greater than the string scale from the hypercharge there 
are no light states connecting them (i.e. charged under both) and thus no contributions from 
the Kahler potential, we expect a kinetic mixing of order 

9a9b /o 1 i \ 

Xab ~ 16^ ' (3 ' U) 

This is one of our main results. In Fig. UJ we display the predictions of kinetic mixing for 
the two first scenarios of hidden U(l)s shown in Fig. as a function of the string scale, which 
we vary from the TeV scale up to the GUT scale. For the case of a hyperweak U(l), realized 
by the geometric setup in Fig. [2] (a), quite interesting values for kinetic mixing are predicted, 

Xab ~T^{tfM*) ' (3 ' 12) 

as is apparent from the red band in Fig. and a comparison with the present phenomenological 
limits in Fig. [TJ Even larger values are predicted if the hidden U(l) sits on a collapsed cycle, as 
in Fig. [2] (b), because the hidden gauge coupling is in this case just of order one, irrespective of 
the string scale. The corresponding estimate is the blue band in Fig. 01 

So far, we have discussed the generic expectation for kinetic mixing between the visible 
U(l) and a hidden U(l) in LARGE volume string compactifications. Much smaller values could 
result in special cases where the one-loop contribution is cancelled or vanishes. They arise from 
a non-perturbative contribution which would be suppressed by a factor of e~ aT for some a, T. 
In the following subsection 13.11 we will therefore briefly check when this could happen. 

Another suppression of the mixing could result from effects from the Kahler potential cor- 
rections in (13. 4p . Those become effective, however, only in the case when the hyperweak brane 
intersects the Standard Model brane and there are states charged under both hypercharge and 
the hyperweak group. 



3.1 Special cases 

We argued previously that the generic value for the holomorphic kinetic mixing parameter is 
O (tq?)- However, there are certain cases where it may vanish, and we must carefully examine 
the details of the compactification. 

Firstly there exists the simplest case, that we have a toroidal model with parallel branes 
without magnetic fluxes (this forced the calculations of [58, 59] to specialise to the mixing 
between branes and antibranes). In this case it is the fact that the messenger fields stretching 
between the branes fall into N = 4 multiplets that effects the cancellation (recall that the 
calculation is similar to that of gauge threshold corrections, and the cancellation thus follows 
from the vanishing beta function for N = 4 supersymmetry). However, this is somewhat 
misleading, since on a general Calabi-Yau manifold (rather than an orbifold of the torus) there 
can only be two supersymmetries, and we can therefore assume that even in the case of parallel 
branes in such cases we will have non- vanishing masses and mixings. 
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Figure 4: Kinetic mixing between the visible electromagnetic U(l) and a U(l) sitting on a 
collapsed cycle (blue) or a hyperweak U(l) on a LARGE cycle (red), as a function of the string 
scale. 

The second case is cancellations due to orientifold images. If we are calculating the mixing 
between two branes a and b and their images in the upstairs geometry a' and b' , then for USp- 
type projections the mixing will be Xab ~ Xab' ~ Xa'b + Xa'b' = 2(Xab ~ Xab') = 2{Xab ~ Xa'b) (for 
SO-type projections the signs will all be positive and we can thus expect a mixing unless the 
branes lie on the orientifold planes). Clearly if either brane a or b lies on the orientifold plane 
and its gauge bundle is invariant then this will vanish. Other than this case and the special 
case of toroidal models, however, we generically expect Xab Xab'- in fact, as discussed in [60], 
the technique of displacing away from orientifold planes merely cancels the mass for the U(l), 
whilst allowing for kinetic mixing. 

The third, final and most important case is that the massless U(l), i.e. the visible U(l), 
crucially resides on a single stack of branes broken by giving a vacuum expectation value (vev) to 
one type of magnetic flux, such as that considered in local IIB and F-theory GUTs [84-87]. For 
example, with a stack of five D7-branes wrapping a divisor D and making an SU(5) group, we 
can turn on a flux vev for one element of H^{D) (trivial on the overall Calabi-Yau to ensure 
the U(l) is massless) proportional to diag(2, 2, 2, — 3, — 3) in the gauge indices, which breaks 
the model to SU(3) xSU(2) xU(l). We can view the U(l) as two U(l)s with field strengths 
F^±diag(2, 2, 2, 0, 0) and F^idiag(0, 0, 0, -3, -3). An additional non-trivial flux can be turned 
on to make the trace-U(l) massive. 

In these models, we can analyse the closed string fields that mediate the mixing and deter- 
mine whether it will vanish. The relevant couplings arise from the dimensional reduction of the 
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Chern-Simons action in Eqs. (|Ojl . (fO|^l and are given by 



r2 


/ F vis A * 4 -B 2 A - 


Oa J-ci(£ vis ) 2 


7T 


L JD7 via * 


+ / F vis a4 2) Aci(£ vis ) 2 




JV7 vis 




+ / F vis f\E<f AZ 2 Aci(£ vis ) 




JV7 vis 




+ / F vis A E® A Z 4 






JB7 vis 




+ [vis <-> hidden] , 





(3.13) 

where *4,* are the four and, for future use, six-dimensional Hodge star operators respectively, 
J is the Kahler form on the compact dimensions, we have defined E\ to be the two-form 
4-d (x) component of the Cj R-R z-forms, and Zj are the j form 6-d (y) components; Cj = 

E^ (x) A Zi-2(y)- d (jC) is the first Chern class of the line bundle C. It is equal to the curvature 
two-form divided by 2n and this is equal to the full higher dimensional fields strength. On the 
visible brane the GUT group is broken by c\(C) 7^ and we find J c\{£) ^ 0. 

We are now interested in the cross terms between the visible and the hidden parts of 
Eq. (|3.13p . Since the GUT group is broken only by the fluxes, any contribution that is not 
dependent on the internal fluxes will cancel due to the tracelessness of the hypercharge. This 
removes the six- form and the J A J piece coupling to the antisymmetric tensor B 2 . Then we 
can see that the remaining B 2 piece exactly cancels with the C 2 contribution since they are 
scalars on the Calabi-Yau. This leaves only two potential contributions: where the B 2 field 
couples to the flux on the visible brane but \ j A J on the hidden brane (i.e. only applicable 
for hidden photons with non-zero Chan-Paton traces on at least one stack of branes) and that 
coming from the axion E^\ 

The D7 brane wraps a divisor D in the compact space, and once we have introduced a 
GUT-breaking flux, the integral J D cf (£) / (this contributes to the D3-brane tadpole), every 
component of the B 2 field that is non- vanishing at the two-cycle dual to ct(£) couples it to 
branes with non-vanishing Chan-Paton trace (note that the two-cycle must have zero volume if 
the manifold is Kahler). Thus we expect our hyperweak gauge group to have a kinetic mixing 
with the hypercharge provided it does not have a similar GUT-breaking flux, since it does not 
lie on an orientifold plane (otherwise it would not carry a U(l)) . 

To establish whether the final contribution will vanish, i.e. whether the hypercharge will mix 
with hidden U(l)s at singularities similar to the visible one, we must understand the propagation 
of the R-R forms on the Calabi-Yau space. The calculation of kinetic mixing can be interpreted 
as the integrating out of the form by its equation of motion; we wish to solve 

(k 2 +*d* d)Z 2 = * ([Di] A did)) + A^k p * {[D 2 ] A d{d)) (3.14) 

and extract the piece proportional to k 2 (since the zero mode gives us the masses). In fact, 
the above should reduce to finding the Green function of the Laplacian on the compact space 
once we take into account gauge fixing of the forms under C p — > C p + drj p -i. We then need 
to examine the eigenforms of the Laplacian (d * d * + * d * d)Z 2 = XZ 2 . A given eigenform 
will then mediate mixing if f a cD Z 2 ^ 0, J a2C £, 2 Z 2 ^ 0, where a\, a 2 are the two-cycles on 
the divisors D\,D 2 dual to ci(£). If a\ = da is trivial, then J a cD Z 2 = J a dZ 2 , so we expect 
non-zero modes to contribute. However, since ol\ 2 have zero volume on a Kahler manifold, this 



5 We have neglected the curvature terms for simplicity. The reader may confirm that, since they do not carry 
gauge indices, they will not affect the discussion below. 
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Figure 5: Contributions from SUSY breaking to the kinetic mixing between the visible elec- 
tromagnetic U(l) and a U(l) on a hidden D3 brane (turquoise) or a hidden collapsed brane 
through non-vanishing D-terms in the electroweak sector (light blue) or in the hidden sector 
(dark blue). 



requires Z2 to be singular. This implies that generically this contribution will be zero unless 
da = a\ + «2 (similar to the setup of [88]) i.e. the three-cycle a should extend into the bulk 
and connect the two hidden sectors. This is similar to gauge threshold corrections [89] . 

In summary, we generically expect a non- vanishing kinetic mixing between the visible U(l) 



and a hyperweak one (scenario shown in Fig. 2(a) ). In the mixing between the visible U(l) and 



a hidden U(l) on a collapsed cycle (cf. Fig. 2(b) ) cancellations may occur but there are also 



setups of this type where we expect non-vanishing kinetic mixing. 
3.2 W contributions 

In addition to supersymmetric kinetic mixing contributions, there will also be those coming 
from supersymmetry breaking effects. The first kind, extensively discussed in [60], is that from 
mixing between branes and anti-branes. In LARGE volume models where the uplift to a de 
Sitter vacuum is provided by D3-branes (cf. Ref. [69] and Fig. 0(c)), the predicted hidden U(l)s 
will generically mix with U(l)s with a term that is volume suppressed but may not obtain a 
Stiickelberg mass (cf. Sect. H|) since the B2 and C2 zero modes are projected out. From the 
analysis above, we can see that these will mix with the hypercharge even in a GUT model, since 
the B2 and C2 contributions now have the same sign and couple to c\{C) 2 on the visible D7 
brane. The mixing thus generically has magnitude [58] 

2ng s 1 

X D7 „D3 ~ lg7r 2 V 2/3 ' ^.15) 

giving x ~ 1 x 1CU 21 for TeV strings and 3 x 10 -4 for M s ~ 10 16 GeV. This is shown as the 
turquoise band in Fig. [5j 



It should be emphasized here that, for TeV strings, this prediction fits very well to the region 
phenomenologically favored by a possible explanation of excesses in galactic cosmic ray data 
through decaying hidden photino dark matter (item 5 in the Introduction). Since uplifting to 
a de Sitter space is a phenomenological necessity, this a very interesting result. However, the 
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introduction of anti D3-branes is not the only way to uplift. It may also be performed through 
.F-terms [87] or D-terms on super symmetric branes [90-92]. 

In cases where the supersymmetric contribution to kinetic mixing vanishes, we may yet 
generate Kahler potential corrections yielding kinetic mixing, at much smaller values than 
(13. lip , where the gauge bosons couple to the F- and D-terms (W^) = a D c , (H) = 6* 2 F= that 
break supersymmetry via 

A£D-^)F(H^ (3.16) 

_ F (a) F (^u c (2)\^_ (317) 

-F^F^cn^, (3.18) 

where the scale M can be set to the string scale, with the coefficients absorbing the quantitative 
information. There is no term of 0(D C ) since there is no operator that can generate it: the 
above are generated by corrections to the Kahler potential of the form 

AC D J d A 9W a W b ^f + c.c. (3.19) 

+ d 4 6W a W b — ^4 +■■• ( 3 - 2 °) 

+ J d A 6W a W b W ^ . (3.21) 

Note that the above is schematic; the full set of operators involves permuting the insertions 
of superspace derivatives T> etc.. Now, in LARGE volume models, of the gravity- mediated 
contributions only the dilaton and Kahler moduli obtain .F-terms, and D-terms are initially 
considered to vanish, but then are corrected by uplifting - and, of course, the Higgs vev gives a 
.D-term to the hypercharge. Following [87], we shall assume that there are three classes of cycles 
with corresponding Kahler moduli: "large" cycles r&, "small" cycles (which intersect no others 
and are wrapped by a D3-brane instanton t s , and collapsed "matter" cycles r a . We will also 
denote hidden "collapsed" cycles r^. The F terms are [87] parametrised in terms of numbers 
7, £ and the constant term in the superpotential after complex structure modulus stabilisation, 
W : 

F S - -*- 7 ±I*° 



F b * 

where F$ is the dilaton i^-term, and 



F a ,h = 0, (3.22) 

9. M 3 Tb W ° 

-2r b M 3/2 -^=-^, 



M 3/2 = i ^ M P- (3-23) 

The D terms from uplifting are very model-dependent (they correspond to blow-up moduli on 
branes), but the hypercharge D-term in the supergravity basis is 

D Y = -\9Yk HlI v 2 cos 2/3, (3.24) 

where k H jj is the Higgs' Kahler metric (in the physical basis this is factored out), vsin/3 = 
V2(H u ),v cos = V2{H d ), v ~ 246 GeV is the vev of the Standard Model Higgs. 



12 



We would now like to estimate the coefficients appearing in equations (|3.16p . (|3.17p . (|3.18p . 
and determine whether they might vanish. Firstly, we should note that if the i^-term spurions 
are the Kahler moduli t&, 5 then they will have axionic couplings to gauge fields; the expressions 
should then be a function of terms like H + Xi + WVi. However, replacing H in Eq. (I3.19P with 
H l V{ yields a term with three gauge fields. This is excluded by Furry's theorem. Consequently, 
terms of the form (|3.16|) . (|3.19|) are excluded, too. In addition, from the CFT point of view it 
is possible to see that such an amplitude is forbidden by worldsheet charge conservation. We 
can then turn to CFT computations on toroidal backgrounds to estimate the magnitude of the 
coefficients. 

Let us now turn to the contribution (|3.17p . (|3.20p . Since we have already argued that the 
visible sector should always mix supersymmetrically with a hyperweak gauge group, we shall 
focus on interactions between branes at fixed points of orbifolds. A calculation involves the 
scattering of two gauge bosons and the appropriate D or F term vertex operators, and includes 
contributions from N = 4 and N = 2 sectors. The presence of N = 2 sectors implies shared 
cycles, which as we also argued yields super symmetric mixing. So we need only consider the 
N = 4 sectors, which are identical to the interaction between D3-branes except for Chan-Paton 
factors. However, since the operators corresponding to the Kahler modulus and dilaton F-terms 
do not carry Chan-Paton factors, and the N = 4 sector amplitude is independent of the fluxes 
on the branes, we conclude that the contributions to (|3.17|) cancel. 

Turning now to the D-terms, we shall restrict our attention to the contributions to (13.181) 

oE 

f a w'w' WW 

AC d / dHWW'^- + (WW'^~ + c.c.) 



r . ,WW .WW 
+ J d 4 6WW'^- + (WW^- + c.c.) (3.25) 

r . , WW WW 
+ J dHWW^ + (W'W^- + cc), 

where W is the hypercharge gauge superfield and W is the hidden U(l). Contributions to these 
operators are shown in Fig. [6] both in field and in string theory. A field theoretical evaluation of 



Fig. 6(a) is given in Appendix[Bj Note that we consider only the case with two different U(l)s 
in the operator. In string theory a particle can be charged only under two U(l)s. Therefore, 
operators with more than two different U(l)s can appear only at two or more loops. 

To determine the mass scale M appearing in the above we can attempt a calculation for 
toroidal orientifolds. One method to obtain the coefficient is to calculate the scattering am- 
plitude of four gauge bosons; conveniently this has been performed in [93]. The result for the 
N = 4 sector, as discussed in Appendix £3 is 

111 

W ~ 4vr 5 M 4 V 2 / 3 ' (3 ' 26) 

up to an order one constant. The key is that the N = 4 sectors will always be present since 
they are mediated by untwisted modes, linking two hidden sectors, and provides a lower bound 
upon the mixing. 



Of course, the above amplitudes are also proportional to the Chan-Paton factors, and thus 
certain amplitudes may still vanish; this is appropriate for the N = 4 sectors which are insen- 
sitive to the fluxes at the singularity. Therefore for these sectors, the operators H^VF') 3 will 
vanish, but we expect W 2 (W) 2 ,W 3 (W) to be present. 

6 If the visible U(l) arises from a traceless generator of a GUT group terms linear in W vanish. This forbids 
terms where the D-terms arise from a (broken) non-abelian U(l). This is the case we consider here because 
otherwise we would most likely already have SUSY kinetic mixing which would dominate. 
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(a) 



(b) 



Figure 6: Contributions to the kinetic mixing between the gauge groups A and B, in presence 
of SUSY breaking D-terms. The left hand side shows the field theoretic contribution whereas 
the right hand side shows the corresponding string theory diagram. 



We thus finally have the estimate of kinetic mixing induced by the D-tevm for the hyper- 
charge, given by the operator IU 3 (VF'), of 

XhY{v) ~ -ttwh-^T \tt) cos 2 & ( 3 - 27 ) 



4 V 2/3 4^5 ^JVf, 

where <7h is the gauge coupling of the hidden U(l), v sin 0, v cos are the up and down-type 
Higgs vevs, respectively. This can lead to extremely small values. For instance, using tan ~ 10 
we have x ~ 10" 59 for M s ~ 10 15 GeV and x ~ 10~ 27 for M s ~ 1 TeV. 

If we consider that the hidden U(l) has a D-term generated by fluxes on the collapsed 
brane [90-92] , rather than electroweak symmetry breaking, then the magnitude of the D-term 
may be much larger. However, due to the vanishing of the operator VF(W) 3 the contributions 
will still be very small - the relevant term becomes W 2 (W') 2 . For a hidden D-term 0(M S ) we 
obtain mixings of 10 -33 and 10 -25 for 10 15 GeV and TeV strings, respectively. 

We have summarised the predictions from the SUSY breaking contributions to the kinetic 
mixing identified in this section in Fig. [HJ We find that the soft breaking contributions associated 
with D-terms are very small, irrespective of the string scale. However, as emphasised already 
at the beginning of this subsection, this does not mean that they are uninteresting. Such tiny 
values are extremely welcome for interpretations of cosmic ray data in terms of decaying hidden 
photino dark matter (item 5 in the Introduction). On the other hand, kinetic mixing with 
D3-branes can be substantially larger at sufficiently large string scales. 



4 Stiickelberg masses 

Since we are interested in massive hidden photons let us turn to the mass terms. For U(l) gauge 
fields we can have Stiickelberg as well as Higgs masses. In this section we discuss Stiickelberg 
masses of U(l)s from D7-branes and in the next Sect. [5] we will turn to masses arising from a 
Higgs mechanism. 

In the 4D effective theory Stiickelberg masses arise from terms of the form (see [68,94,95]), 
C D -G^W'^H^ - ^F^F^ V - A F>, (4.1) 

where the first two - kinetic - terms arise from dimensional reduction of the DBI action and the 
third term from dimensional reduction of the Chern-Simons action in Eq. (|A.3h . respectively. In 
particular, the first term is the kinetic term for the 2-forms E\, dE\ A -k^dE^ = y /gH l '^ up H : l lU p 
and Gij is a non-canonical (generically non-diagonal) Kahler potential for the forms, Uij are 
dimension-mass couplings; these both depend upon the details of the Calabi-Yau moduli space, 
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and whether E 2 descends from a four-form or six-form (respectively two and four on the Calabi- 
Yau); E\ = E% (x)u a , E 2 , a io a respectively. For the definitions of u> a ,Cj a and further details 
reviewing Kaluza-Klein reduction of 10D IIB supergravity and the D-brane action we refer the 
reader to Appendix [Aj These couplings are given respectively in terms of 

p aDl A = ^ I F < 



a: 

b Dl A = 4 / B, (4.2) 



and 



ttD^ _ 1 f 

L s Ja A CD 1 

n cDl =y A I * c - (4.3) 

l s JDi 

Here, D{ denote four-cycles, are two-cycles. The latter are (possibly zero) integers, or in the 
case of bD ± A, half-integers (since we only require the integrals over positive cycles). r a £> 1 is the 
D7 brane charge on cycle D\ due to stack a. 

The kinetic terms Kij are given in terms of the metrics (see also (1A.12P ) in the space of the 
2-forms on the Calabi-Yau, 

G aP = ^ J u a A *u p = -K afh F + ^ ~ V 1/3 , (4.4) 

G ab = -K ahy F~V l '\ 

As usual the metrics with both indices raised or lowered are the inverse of each other, 

G a ? ~ G ab ~ V~ 1/3 . (4.5) 

These scalings are for bulk cycles, corresponding to non-anomalous U(l)s; for anomalous U(l)s 
the dual cycles are vanishing and the masses generated are at the string scale. For two-forms 
on the Calabi-Yau the kinetic term is given by G a p, while for four-forms we need G ab . 
Collecting everything together the Stiickelberg masses are given by [68,94,95] 

2 9a9b n/r2 (a c\ 

m St ab = ~^ M s ( 46 ) 

G cd n cD m dD *r aDl r bD2 + G a/3 U^ A U^ B ( PaDlA - r aDl b DlA ){p b D 2 B ~ r bD2 b D2B ) 



We see that the first and second term in the Stiickelberg mass squared matrix (|4.6p scale 
with different powers of V: the first contribution will generically make a larger contribution to 
the U(l) masses than the second. In fact, for the case that the field labeled by a is residing on 
a brane wrapping a vanishing cycle and that the field labeled by b is residing on a hyperweak 
cycle, we may estimate the first contribution as 

m st(i) = J M s i 1 „ v _i/a J , ( 4 - 7 ) 

while the second contribution is expected to be of order 

y-1/3 



m St{2) = ^M s f ^ v _ 2/3 ^ v _, ). (4 



15 



9 — 



1 I 1 1 I 1 1 I 1 * I 1 J 



a 



> 




3 



6 



9 



12 



15 



Log, M,[GeVl 



Figure 7: Stiickelberg mass term of the hidden U(l) on a hyperweak, bulk D7 brane wrapping 
a 4-cycle from the estimates in (|4.9|) (#1, light red) and (|4.10|) (#2, dark red). 

If present the first term dominates. However, in LARGE volume scenarios it is often assumed 
that the Betti number b 2 _ is zero. Then the IT in Eq. (|4.6|) vanish and the latter mass squared 
matrix (14. 8\\ becomes relevant. 

Let us see how a mass matrix of the structure Eqs. (|4.7|) . (|4.8p can obey the phenomenological 
constraints. If we want the (non-hyperweak) gauge group a with gauge coupling g a to correspond 
to the Standard Model hypercharge it is clear that the ?rtg taa entry in the Stiickelberg mass 
squared matrix (|4.7p . (14. 8p is much too large. For all phenomenologically valid values of the 
string scale (M s > TeV) it would violate bounds on the photon mass (rn^ taa is typically larger 
than the Z boson mass). Therefore this term must vanish, as must the non-diagonal terms. An 
alternative would be to identify the photon with a massless linear combination of the two gauge 
groups. However, one can easily check that with a hierarchical mass structure as in Eqs. (|4.7|) . 
(]4.8p the massless U(l) would have a gauge coupling nearly as small as the hyperweak g b . 
Therefore the only realistic option is that only m^ tbb is non-vanishing. 

The simplest way to ensure a Stiickelberg mass matrix of the phenomenologically viable 
form (jl.3p is to assume that the Tl cDi , Tl® iA are zero for every cycle for the photon (this is 
possible if it wraps cycles that are non-trivial on the singularity but trivial in the Calabi-Yau) 
but non-zero for the hidden U(l). In this case, only the rn^ tbb component of the Stiickelberg 
mass squared mixing matrix is non-zero. If the n for the hidden photon are non-vanishing we 
have 



If all the n vanish the first mass matrix (j4.7H vanishes completely. Then the hidden photon 
mass is much smaller and given by the m,g tbb component of Eq. (|4.8p , 




(4.9) 




(4.10) 



These estimates are plotted in Fig. [71 For low string scales the mass of the hidden photon can 
be as small as ~ 1 meV. 
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5 Hidden photon masses from a Higgs mechanism 



In the last section we have discussed the possibility that the mass for the hidden photon arises 
from a Stiickelberg mechanism. The alternative is that it arises via a Higgs mechanism. Since 
for a high string scale the Stiickelberg masses are large it is therefore interesting to examine 
alternative means of generating (potentially observable) small masses. In the following we 
will discuss how a small symmetry breaking scale can arise for hidden U(l) gauge groups in 
LARGE volume scenarios. In particular, we may also consider the case that the hidden U(l) 
is not hyperweak: there may be hidden U(l)s at a hidden singularity with properties similar 
to those of the MSSM sector. The two natural values that we shall take for our hidden gauge 
couplings f/h are then the electroweak value, gy, and the hyperweak one, gyV^ 1 ^ 3 . 

Breaking the U(l) with a hidden Higgs mechanism leads to some interesting features such 
as, e.g., the existence of a hidden Higgs which can be phenomenologically interesting. We will 
discuss this and the constraints on the hidden Higgs from the underlying SUSY in the next 
subsection. Then we will estimate the possible range of soft masses that will set the scale for 
the hidden Higgs vev. Finally we will look at some non-minimal models. 

5.1 General features of a hidden Higgs mechanism 
Phenomenological features 

In considering a hidden Higgs mechanism as a means of naturally obtaining light U(l) masses, 
we should also examine the phenomenology of these new fields. As discussed in [28] the hidden 
Higgs would in many situations behave like a minicharged particle with (fractional) electric 
charge en ~ on wn i cn strong bounds exist en % 10™ 14 if the mass is small, cf. Fig. [8l 

However, this bound is not quite as restricting as it seems at first glance. First, if the hidden 
Higgs mass is > fewMeV these bounds weaken dramatically to en < 10 -5 . Secondly we note 
that in hyperweak scenarios 



Hence, the constraint on en < 10 only leads to a constraint x ^5 10 for a hidden gauge 
coupling #h ~ 10~ 6 . Therefore, in hyperweak models the constraints on a minicharged Higgs are 
only relevant for models with a string scale M s > 10 9 GeV, see Fig. [9j From a phenomenological 
point of view: in hyperweak scenarios searching for a massive hidden photon is a competitive and 
sometimes even more sensitive probe of the extra gauge group than searching for a minicharged 
Higgs or other minicharged hidden matter. 

Higgs vev and mass in SUSY models 

In a setup with hyperweak interactions, it is naively straightforward to obtain a light U(l): 



where is a hidden sector Higgs. 

Using the hyperweak gauge coupling g^ ~ 10~ 10 for a low string scale M s ~ TeV and a vev 
for the hidden Higgs of the order of ~ 100 GeV this immediately suggests a very interesting 
mass in the eV regime and a kinetic mixing x ~ 10~ 12 . 

However, since we are dealing with a super symmetric theory we have to be slightly more 
careful. The reason is the following. Typically, 



EH ~ 




(5.1) 



77V = 



V2g h (H h ) « (H h ) 



(5.2) 




(5.3) 
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Figure 8: Constraints on the existence of minicharged particles with electrical charge (in units 
of the elementary electric charge e) e and mass m £ [14,96-105]. The bounds are usually quoted 
for models without hidden photons, but the most relevant are also valid where the minicharge 
arises from kinetic mixing and the hidden photon mass is smaller or comparable to m e (The 
WMAP bound of [105] is an exception.). 



where ^ * s the negative mass-squared responsible for the Higgs vev, Ah is the quartic hidden 
Higgs coupling and mn h is the (physical) mass of the hidden Higgs. Typically naturalness 
arguments are based on an argument that Ah ~ 1 and therefore (i?h) ~ Mh ~ m H h - But, this 
naive argument fails in supersymmetric models with hyperweak gauge interactions because 

Ah ~ gl « l. (5.4) 

Using this and the fact that we expect the negative mass-squared to be roughly of the same order 
as the soft super symmetry breaking masses in the hidden sector we get our generic expectation, 

my ~ m Hh ~ m£ft. (5.5) 

In particular, we typically do not expect a hierarchy between the hidden Higgs mass and the 
hidden photon mass. 

Let us confirm this expectation by looking at the minimal model of one hidden Higgs pair 
H\,H 2 charged only under the hidden U(l) with opposite charges ±1, since softly broken 
supersymmetry dictates that the potential is 

V = mWH^ 2 + m 2 \H 2 \ 2 + m\[R x R 2 + c.c) + ~(£h + <?h|#i| 2 - 9h\H 2 \ 2 ) 2 , (5.6) 

where £h is a Fayet-Iliopolous term. If £h > m\ > 0, m\ > 0, m 2 = then the symmetry 
breaking is as in [36,39-42] and we find m 2 , = mjj 2 = 2(#h6i — ^ s expected this allows 
no hierarchy between the gauge boson and Higgs masses, so we may not obtain lighter hidden 
gauge bosons. 

If we assume mi ~ m 2 ~ ~ ?n- S oft then the Higgs masses are ~ <7hy£h"i fn^ t ~ 
my. If we set £h = or equivalently relatively increase the masses mj, then we find a very 
similar situation; the lightest Higgs is naturally of similar mass to the heavy gauge bosons. 

Schematically we find (H^) 2 ~ |m^|/^, my ~ gh(Hh) ~ ~ m H h - We cannot have 
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Figure 9: Natural expectations for the minicharge e of hidden matter charged under a hidden 
U(l) mixing kinetically with the electromagnetic U(l). The labels refer to the nature of the 
hidden U(l) as hyperweak (red), D3 (turquoise) and collapsed cycle (blue). Note that the 
former two overlap which each other. Also shown are corrections to the latter case from SUSY 
breaking through D-terms in the electroweak sector or in the hidden sector. 

simultaneously a light hidden gauge boson and comparatively heavy Higgs without a substantial 
degree of fine tuning. This is analogous to the situation in the MSSM. Clearly this is a result 
of supersymmetry dictating the size of the quartic coupling for this minimal situation. 

However, the LARGE volume scenario need not give us the minimal scenario. In subsection 
I5.3l we shall consider what types of Higgs fields may appear in LARGE volume compactifications 
and how they might turn out to be heavier than the hidden photon. 

Finally let us note, that the case when hidden Higgs does not acquire a vacuum expectation 
value is interesting in itself. In this case the hidden photon is massless (unless it gets a mass 
from the Stiickelberg mechanism) and the hidden Higgs is nothing but a charged hidden matter 
particle. It then behaves as a minicharged particle with 

^ h 2 j hid fr ~\ 

e X ~ T^9h and m e ~ "isoft- (5-7) 

If the gauge coupling is hyperweak this particle has an interesting phenomenology as it 
behaves in many situations as if the hidden photon is not present (cf. [101]). 



5.2 (Small) soft masses 

In the previous subsection we have seen that the mass scale of the hidden photon is typically 
given by the soft masses arising from supersymmetry breaking in the hidden sector. Let 

us now turn to estimating the size of these soft masses in various scenarios of supersymmetry 
breaking. 



Gauge mediation 

Let us start with gauge mediated supersymmetry breaking. In a simple scenario of this type, 



n 2 M 2 

vis Avis 1V1 Smr (ro\ 

m - ft ~ 16^ M mess ' (5 - 8) 
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where m™ it is the typical scale of soft super symmetry breaking massed in the visible, i.e. 
electroweak, sector and 1S the supersymmetry breaking in a sequestered supersymmetry 

breaking sector. Moreover, M mess is the mass of the messengers. Naturally we expect that 
m^ t sets the scale for electroweak symmetry breaking (with possibly an additional factor 
~ l/(16vr 2 )). 

We can now apply the same line of reasoning to the hidden sector. In principle we have two 
possibilities: 

(a) The hidden sector couples directly (via its hyperweak interaction) to the sequestered 
SUSY breaking sector, 

"^-ifMtN-— <St. (5-9) 
lbir z M mess g vis 

This assumes the most conservative choice of messenger properties; that the supersym- 
metry breaking scale and messenger masses are identical to those of the visible sector. Of 
course, there is no a priori reason for this to be true, and we can therefore envisage that 
there is a very large range of hidden soft masses generated this way. 

(b) The hidden sector couples only indirectly via the kinetic mixing with the electromagnetic 
(hypercharge) U(l) to the sequestered SUSY breaking sector. This is the case considered 
in [36,39-42], where it transpires that the "semi-direct mediation" via the D-term of the 
hypercharge induces an effective Fayet-Iliopoulos term for the hidden gauge group £h of 

£h = X(D Y ) (5.10) 
and thus generate masses of magnitude (including some tachyonic) 

Kift) 2 = Qh9hX(D Y ) = Qh9h9Yx\v 2 cos 2(3 « (m™) 2 . (5.11) 
This dominates over the "little gauge mediation" contributions 

rr^~ ^X^ ~!»Xrn&. (5.12) 

167T Z M mess (/ vis 

In fact, the scenario of [36, 39-42] which is of particular phenomenological interest in 
the context of hidden sector dark matter (see item 3 in the introduction and references 
therein and the region labeled "Unified DM" in Fig. [1]) can be easily realised if we locate 
the hidden sector on a collapsed cycle analagous to the Standard Model cycle (as in 
Fig. Efb)), so that ~ g Y and we obtain a hidden U(l) mass of O(GeV). The model 
requires x ~ 10 -3 — 10 -4 , which corresponds to the super symmetric contribution g y /l67r 2 , 
and thus from the earlier discussion we conclude that this scenario can be realised if the 
hidden and visible sectors have a homologous collapsed two-cycle. 

In Fig. [10] we show the typical hidden sector soft masses arising via gauge mediation as a 
function of the string scale, for the minimal choice of messenger sector; less minimal choices 
would lead to an even wider range of values. The red areas are for hyperweak hidden sectors 
whereas the blue areas correspond to hidden sectors on collapsed cycles with gauge couplings 
of strength 0(1). Darker shades correspond to the mediation via mechanism (a) and lighter 
shades to mechanism (b). Overall we note that in gauge mediation scenarios the soft masses in 
the hidden sector can be many orders of magnitude smaller than those in the visible sector, in 
particular if the gauge coupling is hyperweak. 



7 In more general gauge mediation scenarios this formula can be modified (see, e.g., [106, 107]). For example 
the gaugino, sfermion and Higgs masses do not necessarily have to be of the same order [108-114] 
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Figure 10: Contributions to soft supersymmetry breaking mass terms in the hidden sector from 
gauge mediation with maximally conservative assumptions about the messenger sector. The 
blue areas denote soft masses on collapsed cycles and the red areas those on hyperweak branes 
(LARGE cycles). The darker color is for the case where the messengers directly couple to the 
hidden U(l) and the lighter color is for those areas where the coupling only occurs via kinetic 
mixing. 



Gravity mediation 

We should however keep in mind that in addition to the gauge mediation contributions there 
is always an unavoidable contribution from gravity mediation, but we may not simply take the 
naive contributions to the soft MSSM and gravitino masses. This is because while all F terms 
effectively couple to the gravitino, not all F terms couple at tree level to the matter fields. Soft 
masses for fields with diagonal Kahler metric K a p = K a 5 a p are given by 

m s 2 oft)Q = (m 3 2 /2 + ^) " F^F^dn logK a , (5.13) 

where Vq is the vacuum expectation value of the potential. For states with generic volume 
dependence of their Kahler metric K a = fc a V~ 2//3+7 we have for 7 ^ 

"&ft,a~ \lMl /2 . (5.14) 
In gauge mediation scenarios the SUSY breaking of size Mauser i n the sequestered sector would 

M 2 

give a contribution of size ~ m^T 7 " to the gravitino mass. But the gravitino mass could of course 
be bigger because there could be SUSY breaking that is not coupled via gauge mediation. 

For example, for 7 = —1/3 (as we shall later find corresponding to Higgs localised on large 
cycles) we then find a tachyonic mass m 2 ~ — \M^, 2 . 

However, as shown in [87], for fields on a collapsed cycle such as a "collapsed-collapsed" or 
a "collapsed-large" Higgs field, which have Kahler metric K a ~ V~ 2//3 , and assuming Vq ~ 0, 
the leading terms in the above equation cancel, and we have a naive contribution from gravity 
mediation which is much smaller, 

™soft,a ~ M 3/2~^2~- ( 5 - 15 ) 
9s V 

However, in [87] it was conjectured that the Kahler metric for chiral matter at collapsed cycles 
may actually be 

K a = e K/3 , (5.16) 
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where K is the Kahler potential of the moduli. This would then cancel the soft masses from 
gravity mediation exactly, leaving only higher order corrections. These must then be compared 
to any gauge or anomaly mediated contribution. 

The conclusion is that the gravity mediated soft masses may be almost independent of the 
gravitino mass, and that if we take the visible sector soft terms to arise from gravity mediation 
then this provides a lower bound for any hidden sector terms. On the other hand, if the visible 
SUSY breaking arises from gauge mediation the soft masses arising from gravity mediation in 
the hidden sector could be nearly arbitrarily small. 



5.3 Higgs fields, masses and expectation values in string theory 

Having discussed our expectations for the scale of the hidden photon and hidden Higgs masses 
arising in scenarios with hidden Higgses let us now turn to concrete string realizations. In this 
context we will also keep an eye on the possibility that we can obtain larger Higgs masses than 
the naive expectation m# h ~ my. 

Hidden Higgs fields, being scalars, must occur at the intersection between two branes, al- 
though this includes intersections with orientifold images. Since the branes wrap four-dimensional 
divisors on the Calabi-Yau space, they either overlap (for "collapsed-collapsed" brane matter), 
having a four-dimensional intersection, or their intersections are two-dimensional curves (Rie- 
mann surfaces) ; this occurs for "large-large" and "large-collapsed" matter. Using the knowledge 
that the chiral wavefunctions are localised at the intersection and that the Wilsonian Yukawa 
couplings do not depend upon the Kahler moduli, this allows us to estimate the scaling of the 
Kahler potential with the cycle volumes. For the states on two-dimensional intersections, if we 
rescale — > 0Th, then since = r^Tj = T^Kijk^tH 1 * we must rescale all of the two-cycles that 
comprise r^; then the intersection will rescale as y//3. 

We shall take the Kahler potential for chiral fields to have volume dependence of 



K (bh) 



1 



y2/3' 



K(hh) ~ ( 5 - 17 ) 

where the K^ bh ^ states are analagous to D3-D7 states in a local orbifold model, and thus we 
have the above dependence [115,116]. 



5.3.1 Vector pair of Higgs 

An intriguing possibility is that we have a vector-like pair of hidden Higgs fields at the intersec- 
tion of the large cycle with its orientifold image. The number of vector- like Higgs fields H^, 
is counted by min[/i°(C, L y a ®L' a ® K^ 2 ), ^(C, L w a ®L' a ® K^ 2 )] where C is the curve over 
which the brane and image intersect; this is given by the two-cycle C l {uji), where 

& = J [A,] A^jAc*. (5.18) 

Then, since we are perturbatively allowed a fi term, we find the scaling with volume of the 
Kahler potential of such states, since the intersection grows as ^/r^, is 

JfW ~ V- 1 . (5.19) 
This leads to a tachyonic gravity-mediated mass using equation (|5.14p for the Higgs pair of 

m\ ~ -M 3 2 /2 . (5.20) 
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In such a scenario, we can also consider the possibility that the large cycle is not rigid, allowing 
an adjoint singlet S^. Since we are not concerned about the hidden U(l) unifying into a larger 
gauge group, and that the cycle can be potentially stabilised by supersymmetry breaking effects, 
it is reasonable to consider this possibility. In such a case, there will be a holomorphic Yukawa 
coupling to the vector Higgs pair of 

W D X s S h H h H h . (5.21) 

By dimensional reduction of the Dirac-Born-Infeld action, the adjoint Kahler potential scales 
as K^ Sb ^ ~ V 2 / 3 , and thus the gravity-mediated mass generated for it, using equation (15.141) . is 

m| h ~ 2M 3 2 /2 . (5.22) 

This is large and positive, stabilising the adjoint at zero vacuum expectation value. Then, as 
shown in [117] in the context of global supersymmetry, we have an additional contribution to 
the physical (i.e. normalised) Higgs quartic coupling of 

after integrating out the scalars for S^. This can allow an increase in the hidden Higgs mass 
compared to the naive expectation. However, note that in Eq. (|5.23p the coupling scales like g\ 
- so we wouldn't expect an increase by orders of magnitude. This is because for a very specific 
value of the (holomorphic and thus Kahler modulus independent) As the fields are N = 2 
super symmetric. This occurs when the physical coupling \ s e K / 2 (K^)K^K^y 1 / 2 = V^g h 
(assuming the hidden Higgs field has charge ±1 under the hidden gauge group). Since there 
is no such N = 2 symmetry for a general Calabi-Yau orientifold, we generically expect Xs to 
differ from this value - possibly allowing for a significant increase of the hidden Higgs mass. 



5.3.2 Chiral Higgs 

We can also consider the Higgs to be a chiral state, intersecting the hyperweak brane and a 
hidden cycle. In string models we find that chiral Higgs, in contrast to a Higgs pair stretching 
between brane and orientifold image as above, will always be charged under an additional gauge 
group (which may be anomalous). If this group has a coupling <?h that is not hyperweak (i.e. if 
the hidden Higgs is at an intersection between the hyperweak gauge group and a hidden sector 
on collapsed cycles - exactly the place where the gravity mediated masses may be acceptable) 
then we have an additional quartic coupling contribution and the Higgs masses will be enhanced 
relative to their vev. However, if this gauge group is massless, then we will find a rank one mass 
matrix for the two gauge bosons, i.e. one linear combination will remain massless, as in the 
MSSM. The natural remedy for this is that they are charged under an additional hidden broken 
U(l) that has a mass from the Stiickelberg mechanism. For an appropriate Stiickelberg mass, 
we then expect the hidden Higgs breaking to give to 2 , ~ l( m soft) 2 |9h/9h ^ m H h ~ l( m soft) 2 |- 
However, we must be careful since the Stiickelberg couplings, being supersymmetric, affect the 
D-terms. 

We saw in section 0] that Stiickelberg masses are generated by the coupling of space-time 
two- forms to the gauge fields; these two- forms are associated to either orientifold-even two- forms 
or odd four-forms on the compact space. However, space-time two-forms are dual to scalars, 
and it is the scalars that appear in the supergravity Lagrangian, as the lowest components of 
linear multiplets. However, they can be equivalently written in terms of chiral multiplets, and 
as this is the form that the moduli are usually written in the literature we shall follow this 
convention. The couplings Uij (|4.1[) are proportional to the string mass and numerical factors 
(depending on the magnetic fluxes and cycles wrapped) but not the volume or string coupling. 
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When we dualise (keeping the discussion general so that the superfield is Xi = X{ + iCi, where 
Ci is the axion and X{ a modulus) we find the Kahler potential to quadratic order is 



K D -Kij{Xi + Xi + 2Jl ik g k V k ){Xj + X 3 + 2IL jl9l Vi), 



(5.24) 



\G { K the 



where Vi are the chiral superfields with couplings The Kahler potential 
inverse of % in (gH). We shall take Kij = k x V 2/ ' i+ ^ , % = n x M s ; fca-, 11^ ~ O(l). Then the 
physical mass for the additional hidden U(l)" is given by 



9h 



5h J 



(5.25) 



For bulk two-forms we have 7 = 1/3 (c.f. (|4.5p ): for bulk four-forms we have 7 = 1; and for 
anomalous U(l)s (whose two- or four-forms are localised) we have 7 = 2/3. Only two-forms 
will yield masses suppressed relative to the string scale for branes on collapsed cycles, and so 
this is the case to which we shall restrict ourselves. 

We then have the additional contribution to the potential 



AV = -Kumlxj + -gliKaYliMsXi + fc H3? (|i?i| 



2\\2 



(5.26) 



where k H jj is the hidden Higgs Kahler metric, assumed to be diagonal and identical for H±, H2] 
m x is the physical mass of the modulus X{, which is then stabilised, modifying the quartic 
coupling to 
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rn, 



ml+K lt f h M!Ul," (5 ' 27) 
where we have rescaled the Higgs fields; the low energy theory thus has an effective potential of 



V = m 2 |#!| 2 + ml\H 2 \ 2 +m 2 3 (HxH 2 + c.c) + i 

We can write g^ ~ g^V -2 / 3 , and thus require 

m H h _ v i/ 3 I m 2 x 



2 1 ~2 



m: 



1/2 



mz 



m x + m^„ 



m\ 2 



|2\2 



VW2|^o| » 1, 



(5.28) 



(5.29) 



where the latter identity is for two-form generated mass (clearly if the U(l)" is anomalous and 
has a string scale mass then we cannot use this mechanism) and we have set g 2 = 2ixg s . 

Since the bounds on light minicharged particles are significantly relaxed for mH h ^ MeV, we 
can use this to constrain the minimum hidden photon mass given a certain gravitino scale/fine 
tuning. From the above, we find 

' MeV, (5.30) 



1 



up to order one factors (including g s /2). The "natural" value for Wq is generally assumed to 
be 1; so to have very light hidden photons requires some fine tuning. For example, to obtain 
a hidden photon mass of ~ eV with a hidden Higgs mass of ~ MeV we would need Wq ~ 10 6 ; 
however it would not be unreasonable to expect a hierarchy of 10 2 — 10 4 , allowing hidden photon 
masses as low as 100 eV. We thus have a natural mechanism that allows a moderate hierarchy 
between the hyperweak gauge boson and hidden Higgs masses. 
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Figure 11: String theory expectations for the mass and kinetic mixings of massive hidden U(l) 
gauge bosons kinetically mixing with the ordinary electromagnetic photon. The red/orange 
areas denote a situation where the hidden U(l) arises from a hyperweak D7 brane. In this case 
the kinetic mixing is directly related (up to an order of magnitude) to the string scale M s , which 
is shown on the right axis. The straight bands denote the situations where the hidden photon 
mass arises from a Stiickelberg mechanism. The lighter red area extending to arbitrarily low 
masses shows the possible masses from a Higgs mechanism. The lower bound comes from a 
lower bound to the string scale M s > 100 GeV. In the lower right triangle (lighter red) shows 
a region where the vacuum expectation value of the hidden Higgs would be larger than the 
string scale ((-Hh) > M s ). The upper bound on the kinetic mixing comes from constraints on 
the phenomenology of the hidden Higgs particle which becomes mini-charged (cf. Sect. 15.11 
and [28]). All the red areas correspond to the natural case where the hidden Higgs mass is 
similar to that of the hidden photon (m# h ~ my ~ m)^ t ). However, in models with a chiral 
Higgs it is possible to create a hierarchy (m# h S> my) by tuning Wo, which make the regions 
shown in orange phenomenologically allowed. The blue bands correspond to the case where the 
hidden photon arises from a collapsed cycle and either gains its mass through a Stiickelberg 
or a hidden Higgs mechanism. For comparison we have included the current experimental 
constraints as the grey area (cf. Fig. [T] for details). 

6 Summary and conclusions 

Extra U(l) gauge bosons kinetically mixing with the electromagnetic (or hypercharge) U(l) 
may provide us with a unique window into hidden sector physics. Moreover, they could play a 
role in a number of observed phenomena possibly connected to dark matter (cf. items 2-5 in 
the Introduction and the regions labeled "Lukewarm DM" , "Unified DM" and "Hidden Photino 
DM" in Fig. [I]). In this paper we have investigated what masses and sizes of kinetic mixings are 
expected in string theory, more precisely in LARGE volume compactifications. Our findings 
are summarized in Fig. [TTJ 

As sketched in Fig. [21 LARGE volume scenarios allow for a variety of different extra, hidden 
U(l) gauge bosons. On LARGE cycles we can have hyperweak gauge bosons (see Fig. [2(a)), 
and on collapsed cycles (see Fig. [2Kb)) as well as on D3-branes (see Fig. [2{c)) we can have extra 
U(l)s with gauge couplings comparable to those of the Standard Model gauge groups. Masses 
for these hidden U(l) gauge bosons can arise either from a Stiickelberg mechanism or from a 
Higgs mechanism. The Stiickelberg masses are typically closely linked to the type of hidden 
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Figure 12: As in Fig. [TT] but in addition we show some interesting future probes of massive 
hidden U(l)s like: light-shining-through-a-wall (LSW) experiments with optical lasers [18] or 
with microwaves in resonant cavities [21,24-27], helioscopes looking for hidden photons emitted 
from the Sun [22,118,119], the extragalactic X-ray diffuse background [31], e + e~ colliders [37, 
45], fixed-target experiments [38,46], and hadron colliders like Tevatron or the LHC [35,36]. 

U(l) and to the string scale. Therefore, this situation is particularly predictive (cf. the bands 
labeled "Stiickelberg #1" and "Stiickelberg #2" in Fig. [TT]) . The hidden photon could also 
obtain a mass via a hidden Higgs mechanism. In these scenarios the hidden photon typically 
acquires a mass comparable to the size of the soft supersymmetry breaking terms in the hidden 
sector. The size of the latter is strongly dependent on the supersymmetry breaking scenario 
(e.g. gauge or gravity mediation) and covers a large range of possible values. Note, however, 
that indeed very small masses can arise quite naturally. In the Higgs scenario there is, of course, 
also a hidden Higgs particle. This typically has a mass of the same order of magnitude as the 
hidden photon but this can be remedied with some fine-tuning. Since a light hidden Higgs 
would in many situations behave like a minicharged particle this puts additional constraints on 
this scenario: the remaining allowed region is displayed as a shaded area labeled by "Hidden 
Higgs" in Fig. [TT1 The orange regions show allowed regions of increasing fine tuning to the 
right. We note that in this particular case hidden photons with masses and mixings in the meV 
valley (with a very reach phenomenology, see item 1 in the Introduction) are possible. 

Even smaller kinetic mixings than those depicted in Fig. [TT] can arise on D3 branes or 
in scenarios where the visible U(l) is embedded in a GUT and the leading order contributions 
cancel. The typical sizes of the kinetic mixing are shown in Fig. [5] for these cases. Also note that 
in these setups the hidden gauge couplings are not necessarily hyperweak. Moreover, despite 
their small values for the kinetic mixing these scenarios may nevertheless be phenomenologically 
interesting, as for example in the context of decaying hidden photino dark matter (item 5 in 
the Introduction). 

Finally, let us also note that the hidden Higgs could also remain vev-less. Then it would 
behave as hidden sector matter which acquires a small electric charge under the ordinary photon 
due to kinetic mixing and a (positive) mass of the order of the soft mass terms ranging from 
<C eV to > TeV. The minicharges arising in the various setups discussed and the current 
bounds are shown in Fig. [9] and Fig. [8] respectively. Let us also note that in hyperweak 
scenarios, minicharged particles arising from kinetic mixing behave in some situation as if there 
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is no hidden photon at all [101]. This leads to some interesting phenomenological features. 

In the near future a wide variety of astrophysical observations and laboratory experiments 
can search for hidden photons. Comparing with our expectations from string theory (see Fig. I12|) 
we find that together these experiments and observations test a wide variety of models and an 
impressive range of string scales. 
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A String effective actions 



Here we shall briefly review the low energy field theory of type IIB strings relevant for LARGE 
volume compactifications; for a more complete treatment see for example [80,91]. 
The starting point is the ten-dimensional bosonic action 



Sub =2kM\ 
- ttM, 



-2$ 



R*l + 4d$ A - -H 3 A *H 3 



Fx A *F X + F 3 A *F 3 + -F 5 A *F 5 + C 4 A H 3 A F 3 



(A.l) 



where in the string basis the propagating degrees of freedom are the metric variations gij, 
antisymmetric tensor B^, dilaton $ (where g s = e^) and R — R p-forms C^^^i, and the 
field strengths 

H 3 = dB 2 , Fx = dC , Fp+i = dC p — Cp-2 A H 3 , (A.2) 

and F5 = -kF^ must be imposed on the equations of motion. 

Note that the above action (|A.1|) does not have a canonical Einstein-Hilbert term when 
the dilaton is treated as a dynamical field. One approach to remedy this is to rescale to the 
"Einstein metric" qe^v = e - */ 2 ^^ (note that ^/gERE = A~2~ \J~g~R under Ge^v = A<7 M „). Note 
that the kinetic terms of p- forms rescale as e~^~ p ^ and the dilaton obtains a canonical kinetic 
term. With the new metric the volume rescales so that Ve = e"*y '. 

The above is supplemented by the D-brane actions 

S Dp = - 27TI-P- 1 J dP +1 xe-*t rv /- det (i*(g + B) + l 2 s F/(2ir)) 

5 

- 27TU-P- 1 / tr exp (i*B + l 2 s F/(2n)) A V G 



'2m A 



m=0 



A(R T ) 
A(R N ) 



(A.3) 



Here A(Rt),A(Rn) are the A-roof genus associated with respectively the tangent and normal 
bundles on the D-brane, particularly relevant when the volume of the brane is small. For branes 
wrapping supersymmetric cycles (the only case we consider in this work) the first, Dirac-Born- 
Infeld term above becomes 

Ott r 

Sdbi = 77Z / ^xtry 7 - det (( 54 + B 4 ) + 1 2 s F/(2tt)) (A.4) 

where the integration is over the visible four dimensions (hence the subscripts denote the four- 
dimensional metric and antisymmetric tensor) and Z is the central charge 



cxp 



[Dp] 



l~ 2 i*(B + iJ) 



A exp 



F 
2^ 



A 



A{R T ) 



A{R 



(A.5) 
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where we integrate only over the compact cycle wrapped by the Dp brane. 

The above can then be dimensionally reduced, keeping only the massless modes; we find 
scalars, vectors and pseudoscalars according to zero, one or two indices on the non-compact 
dimensions respectively. The metric variations can be decomposed in terms of four-dimensional 
fields as 

J =igqdy l A dy 3 = t A (x)cu A , 



3\i 



S 9ij =-^^(-)fo)^, (A.6) 



where x are the coordinates on Minkowski space; J is the Kahler form; uj a a basis of the 
cohomology group H ' ; y l some coordinates on the Calabi-Yau; flijk the holomorphic three- 
form; and (xK)ilj a basis of H 1 ' 2 . z K is a set of complex scalars; z K and t A are then the fields 
corresponding to variations of the Calabi-Yau metric. Note that we define all of the fields to be 
dimensionless. Next we examine the form potentials, 

B 2 =B 2 (x) + b A (x)ujA, C 2 = C 2 (x) + c a {x)lo a , 

C 4 =D A (x) A to a + V K {x) A ox — U K (x) A (3 K + PA u A . (A. 7) 

Here Cj a is a basis of H 2,2 ; and ax,P K are a symplectic basis of three cycles, K running from 
1 to h 1 ' 2 . We then see that the z K and V K must form the scalar and vector part of h 2 ' 1 vector 
multiplets making the complex structure moduli fields, while v A , b , c A , pa form the four real 
scalars of a set of h 1,1 hypermultiplets which comprise the Kahler moduli. 

We then introduce an orientifold projection (—1) Fl £I p <j* where Fl is the left-moving world- 
sheet fermion number for excitations on Minkowski coordinates^; O p is worldsheet parity rever- 
sal; and a* is the pull-back of an isometry a (with a 2 = 1) of the Calabi-Yau manifold onto 
differential form© The action of a* on the Kahler form is a* J = J and on the holomorphic 
three-form a*£l = —CI. This generates 03 and 07 planes ( for a*fl = Q we would have 05 
and 09 planes). The cohomology groups H P ' Q then split into H± q according to their eigenvalue 
under a*. We can then split H 1A into HV 1 with basis uj a and with basis u> a according 

2 2 2 2 

to their eigenvalues; there is then a corresponding basis ui a ,uj a of il,' and Hj respectively. 
Note that these are dual to the u> a , u; a ; 

-g / cu„AtD /3 = 5£, 



^ ju a Au b = 5 b a , 

uJ a Auj b = 0. (A. 



1 

f 

For the three- forms, since a is a holomorphic involution that commutes with the Hodge * 

12 2 1 

operation, we find h± = h± . Clearly since the holomorphic three-form is unique and odd 
under the involution we find H 3 ' = H^!°. Of the metric variations, clearly since the Kahler 
form is even only the elements survive (J = t a (x)uj a ); while for the complex structure 

variations it is the odd elements since the holomorphic three- form is odd (xk = Xk ^ H- 2 )- 
Then the surviving form fields are 

B 2 =b a (x)to a , C 2 = c a (x)co a , 

C A =D%{x) Aw a + V K {x) A a K + U K (x) A (3 K + p a Cb a . (A.9) 



So it affects only the Ramond sectors, and leaves $,g,i?2 invariant but under which Co,C2,C4 are odd. 
9 Under which g, $, C2 are even and B2, Co, C4 are odd due to the difference of GSO projections between left 
and right moving sectors in IIB. 

10 Under which Co,g, C4 are even and B2, C2 are odd. 
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Here it is worth noting that (— l) F Q p a*V K , U K = V , U K and thus the invariant states V K , U K 
are actually real fields, with (a K , (3 R ) being a real symplectic basis of © H 1 ^ 2 . Thus we see 
that half of the states have been projected out. 

Note that with the orientifold projection on the forms we can define new quantities via the 
intersection form; on a Calabi-Yau manifold Y, the intersection form is defined in terms of a 
basis of two-forms {cj^}, A = l..h ' as 



k \\bc = J lo a Auj b Aujc- (A.10) 



After the orientifold projection, the intersection numbers K a p c = K abc = K abc = 0. The volume 

is then given by Vol(Y) = ^ J Y J A J A J = ^"t^t^Ka^ = 1 & S V which involves only positive 
eigenforms of a* . The metric is also affected; 

Gab = -j J u A A Mb (A.ll) 

and so 

G a b = 0, 

^a(3 — --Kaf3~/t H , 

— —-K-ap-yt H y~ , 

G ab = -K abl t\ (A. 12) 

Here we have defined r a = K a ^t a t^ which corresponds to the volume (in string units) of the 
four-cycle dual to u> a . 

Now if we take the surviving fields and insert them into the effective action (lA.lh we can 
identify the chiral superfields that are the Kahler coordinates on the moduli space. One finds 
that the Kahler potential is given bj0 



if = -21og[V + |]-log 



n aq 



4 log 



(A.13) 



where the complex fields, in addition to the complex structure moduli z k , are 

S=e-®-iC , G a = c a + iSb a , 
T Q =i Pa + Re(S)r a + l --±=K abc G b {G - G) c . (A.14) 

The above is given in the string frame as will appear in string effective actions from loop 
computations. Noting that Re((5)) = l/g s , the appearance of Re(S') in front of the volume 
factor indicates that positive powers of the modulus T a cannot appear perturbatively beyond 
tree level. 

Now we note that T a has a set of shift symmetries 

c a ^c a + 9 a , p a -» p a + K abc b a 9 c (A.15) 

which become gauged upon the addition of D-branes (in fact, once we add D-branes we find 
that the separation between Kahler and complex structure moduli spaces becomes obscured, but 
this is not important for this work). Therefore the Kahler moduli, beyond tree level, may only 



11 Including for completeness the a' corrections due to £ = — x ^ C(3), where x(¥) ~ 2ft- 1 ' 1 — 2k 1 ' 2 is the Euler 
number of Y and £ is the Riemann zeta-function. 
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appear as exponentials in the superpotential, and only from non-perturbative contributions. 
This can also be understood as the Kahler moduli scalars being the lowest components of linear 
multiplets (which may not perturbatively appear in the superpotential) whereas the complex 
structure moduli lie in chiral multiplets. 

The complex structure modulo * do not have a shift symmetry and do not carry factors 
of the string coupling, and therefore the superpotential and gauge kinetic functions may be 
arbitrary functions of these. This is in contrast to the case in IIA strings, where both complex 
and Kahler moduli have Peccei-Quinn shift symmetries. 



B SUST kinetic mixing terms in field theory 



Here we wish to calculate the operators (I3.17|3.18j) for a generic renormalisable model having 
messenger superfields <£j = fa + \^20 a t/ji a + (00) Fi + ... coupling to a pseudomodulus 3 having 
a vev (S) = F-=(00). The relevant superpotential coupling is 
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To compute SUSY" kinetic mixing terms, the most efficient method is to compute the "scat- 
tering" of the auxiliary fields in a manner similar to "generalised kinetic mixing" of [120], and 
so to compute terms of the form ()3.16p , (|3.17l) , (13.180 we compute the scattering of two D fields 
with one and two F fields, and two D fields respectively. Let us consider the couplings of these 
to messenger fields with masses rrii (we can always choose a basis such that the mass matrix 
is diagonal); the D terms couple via their gauge current A/^Dq^lc^r^l while the F-terms couple 
via the superpotential F^Wzijfafftj- 

We then find effective terms in the Lagrangian: 
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(B.5) 



Note that there are h 2 : 1 + 1 of these, with the extra degree of freedom corresponding to shifts of the holo- 



morphic three-form f2 — > fie 



; this is removed by choosing a basis z k — (1, z k ) 



13 In principle after diagonalising the (supersymmetric) mass matrix we may obtain non-diagonal gauge currents. 
However, this only occurs when we allow vevs of fields that would spontaneously break the gauge symmetry - 
since we are only interested in the (gauge invariant) F- and D-term contributions we can safely ignore these. 
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However, to find the corresponding terms in the Kahler potential for the F-terms we must be 
careful, since there may be terms of the form 



d^9W a {D a E)w' & D a (E) d ±DD'\F E \ 



(B.6) 



which contains no kinetic mixing term. Therefore we must compare with the scattering of a 
photon and a hidden photon with two auxiliary F fields and examine the coefficient of Pp,p' v . 
Since the auxiliary fields do not couple to the fermions, the photon vertex coupling to scalars 
is identical to the coupling of the D field to scalars up to a factor of the external momentum; 
therefore we do not generate terms of the above form, and we conclude that the corrections to 
the Kahler potential are 
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C SUSY" kinetic mixing terms in toroidal string models 

To calculate the terms in the effective action (|3. 16)) . (13. 17[) . (13. 18f) for a toroidal model, we can 
compute scattering amplitudes with the auxiliary fields. We shall consider an orientifold of a 
factorisable six-torus T 6 = T\ x T| X T|. The vertex operator for the .F-term for a Kahler 
modulus corresponing to the j' th torus is 



V, 



(0,0) 



Jk-X 
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TO - T 3 V20 7 



dX j Yl ^ K + dX j Yl 



(C.l) 



where T 3 is the magnitude of the Kahler modulus, and, as mentioned in the text the operator 
contains no Chan-Paton factors and so will amplitudes involving it will cancel for traceless 
hypercharge and N = 4 sectors. The operator for the D-term is 



Vg = \e ikX Y K dH k {z) = Xe ikX Y lim 



K=l 



K=l 



(w — z)e 



iH K (w) e -iH K (z) 



(C.2) 



where A is the Chan-Paton factor. 

However, we can calculate the coefficient of the operator W a W b W c W d where a, b,c,d £ 
{h, vis} by considering 



/ 



ct L ew a w b w c W d :ir-i) h ir ir' - D a D b ( % -F c ^ p F c + -/■•:,,./•"' ,;i 



1 

F 

2 Kp 



n c n d ( - F a F b w -l- - F a F b v v l 
I 4 ^ 2 M ) 



+ ( % -F^F b ^ + ^F^F b 



1 



— F c F c Kp A- — F c F d Kp 



(C.3) 
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and so by extracting the coefficient of \F^F b flu F^ p F d Kf> in a scattering amplitude we can 
determine the coefficient in the effective action. The result of [93] gives 



lim A(a,b,c,d) D (^ u F b ^ F< p F d A f° dt^^A(t), (C.4) 



where pi are the momenta, A is the amplitude, N is the order of the orbifold (the prefactor 4 is 
from the GSO and orientifold projections) and A is the momentum/winding sum. The above 
assumes that the branes are separated so that the amplitude is regulated in the infra-red of the 
field theory; this is the case we are interested in. Consider for simplicity a rectangular six-torus 
of equal radii R, and brane separations along each coordinate of yi. Then the winding sum is 

i=l rii * ' i=l rrti 

where we defined ?/, = yi/2nR, n^mi are integers and of course V = (4^a')3 • This is then very 
similar to brane-antibrane kinetic mixing. Performing the integral in the closed string channel 
and excluding the zero mode corresponding to a massless closed string exchange gives 



1 2 x - cos(2tt X^mjjlj) 

m,i>0 ^J=l 3 



However, the appropriate estimate in [58] involves integrating in the open string channel and 
neglecting the winding modes; this yields 

111 1 1 , 

CD ~ 2vr 4 2vr N V 2 / 3 (Ei vf) 1 ' 

However, this is not periodic in y^; therefore we shall simply take as our estimate in general to 
be . 

°D ~ i^5^' ( C - 8 ) 
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